Abstract: This paper examines methods to predict the performance of hot asphalt concrete mixes based on performance parameters of binders. Specifically, relationships between binder parameters determined from multiple stress creep and recovery tests were correlated to the creep parameters of hot asphalt concrete mixes obtained from cyclic load compression testing. For the determination of creep parameters, a modified expression of the creep curve is proposed to cover the entire spectrum of permanent deformation; including the tertiary creep phase. Non-recoverable compliance, unrecovered strain, and recoverable strain of binders show good correlation to creep parameters of hot asphalt concrete mixes such as creep rate and high temperature performance ratio. Additionally, unrecovered strain and non-recoverable compliance of binders correlates well with mean rut depth of asphalt concrete mixes. However, no correlation has been detected between the difference in non-recoverable compliance of binders and permanent deformation parameters of asphalt concrete mixes.
Introduction
The resistance to permanent deformation is an important performance requirement in product standards both for binders and asphalt mixes. The validity of the binder performance parameter G * / ε (complex shear modulus/phase angle) in Superpave (Superior Performing Asphalt Pavements) specifications related to permanent deformation has been found unsatisfactory for predicting rut- * E-mail: adorjany@sze.hu ting, especially for modified binders [1, 2] Bahia et al. [1] found poor correlation betweenG * / ε value and the creep rate of asphalt mixtures determined from repeatedshear, constant-height tests. The value of G * / ε parameter was determined in the linear viscoelastic range at low shear stresses while most of modified binders show nonlinear behaviour. The modified binders also show accumulation of permanent strain at higher stresses beyond the viscoelastic range [1, 2] . Several researchers indicated that G * / ε cannot differentiate between total dissipated energy during cyclic loading and the energy dissipated in viscous deformation [1, 3] In 2007 for determination of binders' performance parameters, the Multiple Stress Creep and Recovery (MSCR) test was developed in the framework of SHRP (Strategic Highway Research Project) and Superpave (Superior Performing Asphalt Pavements) projects. The MSCR test consists of ten repeated shear creep and recovery cycles at different stress levels using a DSR (Dynamic Shear Rheometer). The average values of recoverable and unrecovered deformation parameters from ten creep and recovery cycles were calculated [2] . The stress dependency of binders can be characterized by applying multi-stress creep stages beyond the viscoelastic range. For the determination of the binder performance parameters, the average value of non-recoverable compliance was defined as [2] :
where J is the average non-recoverable compliance, [1/kPa] ; γ is the average un-recovered strain [mm/mm]; and τ is the applied creep stress [kPa] [2] . The difference in average non-recoverable compliance at an applied stress of 0.1 and 3.2 kPa as in AASHTO's 2010 designation [4] :
where ∆J (3 2 − 0 1) is the difference in non-recoverable compliance at 3.2 kPa and 0.1 kPa applied stress, J (3 2) and J (0 1) are the average values of non-recoverable compliance at applied stress of 3.2 kPa and 0.1 kPa, respectively. This paper aims to establish relationships between the permanent deformation performance parameters of binders at high temperature and asphalt concrete mixes. First, an equation for asphalt concrete creep curve has to be determined. This should generate the best fit to cyclic triaxial compression test data covering all three phases of creep deformation. For binder parameters, properties derived from MSCR tests will be selected. Presented here are the materials tested; basic empirical parameters for different binders and data on the composition of selected hot asphalt concrete mixes. Results from laboratory tests are presented to evaluate the correlations performed in the road laboratory of István Széchenyi University. The resistance of hot asphalt mixes to permanent deformation can be evaluated by empirical parameters such as the proportional rut depth and the wheel tracking slope; or with fundamental parameters such as creep rate determined by cyclic compression tests. However, little experience is available on the use of fundamental properties of asphalt mixes determined from cyclic load compression tests. The test yields a creep curve showing the development of cumulative permanent axial strain, ε( ), versus The creep curve is described by equation (3) given by L. Francken's [5] model, where the cumulative axial strain ε( ) depends on time t, and curve-fitting parameters A, B, C and D:
Another approach for interpretation of the creep curve is given by (4) where the permanent strain ε( ) is a function of loading cycles, n, and the coefficients ε 0 , a, b, c and k can be determined through curve-fitting [6] :
Hiersche and Nemesdy [7] determined the relationship between permanent strain ε( ), [‰] and load cycles n with cubic parabola for uniaxial, unconfined cyclic load compression tests where 0 1 2 3 are the regression constants: 
Permanent deformation parameters on the quasi-linear part of the creep curve can be determined by two alternative methods, ignoring tertiary creep, as specified in the test standard EN 12697-25 [8] . The quasi-linear part (II creep phase) is described by a linear equation (6), (Method 1), [8] :
where ε [%] is the cumulative axial strain, n is the number of applied loading cycles, A 1 and B 1 are the regression constants. The creep rate, , defined as the slope of the quasi-linear part of the creep curve, given in microstrain per loading cycles [µm/m/n], is thus
Another approach is to analyse the quasi-linear part of the creep curve with a least square power fit (Method 2, EN 12697-25), [8] , Witczak et al. [9] :
When the creep curve is represented on a log-log scale, the slope of the quasi-linear part equals exponent B in equation (8) . Typical parameters derived from the creep curve can be summarized as follows:
• creep rate, , (7); the rate of change of permanent axial strain with loading cycles, and a specified performance parameter in the European product standard for hot asphalt concrete mixes [6] [7] [8] 9 ];
• calculated permanent strain after 1000 loading cycles, using equation (8) [8];
• parameter B of the equation (8) [8, 9] ;
• number of loading cycles at the inflection point corresponding to minimum creep rate, [6, 7] ; called flow number [9, 11] ;
• flow time; the time when minimum creep rate occurs during a static creep test (confined or unconfined) [9, 11] ; • permanent axial strain at the inflection point of the creep curve, ε [6, 7] ;
• ratio of /ε [7, 12] ;
• regression coefficients depending on the equation of the creep curve.
The required values of /ε derived from uniaxial cyclic load compression tests were also listed in Hungarian technical specifications for hot asphalt mixes [12] The creep parameters for asphalt mixes can be determined by smoothing test data and moving-average techniques without fitting test data to a given mathematical equation. The rate of change of permanent strain depending on flow time or on flow number can be determined with a finite-difference formula (based on 3 points) and the minimum value of rate of change can be determined from the smoothed data (using 5-point moving average) [9, 11] . It was found that the flow number, the creep rate, and the permanent strain are good indicators of resistance to rutting [9] .
Materials and tests

Testing binders with multiple stress creep recovery test
Data from earlier tests on binders were used to determine correlations to deformation parameters of asphalt concrete mixes [13] . Basic empirical parameters of paving grade binders, hard paving grade bitumen, polymer modified binders (PmB) and chemically stabilized rubber bitumen (KSGB, in Hungarian) are listed in Table 1 [13] These empirical parameters are: needle penetration (in 0.1 mm) determined at +25
• C; the Ring and Ball softening point and penetration index. The binder parameters were in a range which corresponds to binders typically applied in Hungary and allowed by technical specifications for hot asphalt concrete mixes [14] . MSCR tests were performed using a DSR according to AASHTO TP 70-10 [2] test specification at 0.1 kPa, 3.2 kPa and 6.4 kPa stress levels. At each stress level, 10 test cycles were applied with 1 s creep phase and 9 s recovery phase. All DSR measurements were performed at a test temperature of +60
• C on samples with a diameter of 25 mm and 1 mm gap size.
Testing of asphalt concrete mixes
Hot asphalt concrete samples were mixed using AC 16 type (Asphalt Concrete with aggregate upper sieve size of 16 mm, Table 2 ) aggregate grading and the 10 different binders, shown in Table 1 . They were prepared in the laboratory with the same bitumen content of 4.6 m/m% and 0.3 m/m% of cellulose fibres as an additive, as shown in Table 1 [13] .
In the course of earlier research wheel tracking tests were performed according to EN 12697-22 [15] test method (procedure B in air) from which mean proportional rut depths (PRD AIR %) were taken for the determination of correlations given in Section 3 [13] Test slabs with dimensions of 305 mm x 305 mm x 100 mm were prepared at 5% air voids with roller compactor according to EN 12697-33 [16] test method. Four cores with a diameter of 98 mm were obtained from each slab for cyclic load com-pression tests. The ends of cylindrical specimens were polished to plan-parallel and dried before testing. Latex membrane and lubricant (graphite powder with silicone grease) systems were applied between the specimen and loading platens. The cyclic load compression test for each mix was performed using a universal hydraulic asphalt testing machine applying haversinusoidal deviator stress of 750 kPa (peak to peak value), at 3 Hz, dead load of 8 kPa, and constant confining pressure of 225 kPa at the test temperature of +60
• C.
Test results and discussion
The creep curves were fitted with equations cited in Section 1 as well as with curve-smoothing techniques such as the finite-difference and moving-average methods. In order to determine the creep parameters, the whole data spectrum was used including data from tertiary creep phase. In order to achieve the best fit, equation (3) was modified as follows:
The proposed equation (9) will cover all three sections of the creep curve. The parameters a, b, c, d and u were obtained by applying the least squares method. The creep rate at the inflection point of the creep curve is the minimum value of the first derivative of (9):
The inflection point was located at the zero value of the second derivative of (9)
The selected performance parameters of binders were the average values of non-recoverable compliance (Equation 1), the difference in non-recoverable compliance (Equation 2), the unrecovered strain, γ , and the recoverable strain, γ . The average unrecovered and recoverable strains were determined from MSCR measurements according to AASHTO's 2010 designation [2] . The selected performance parameters for asphalt mixes were the creep rate and the high temperature performance ratio, htpr, which is defined as the ratio of permanent strain ε [µ / ] to the number of loading cycles at the inflection point :
Parameters for binders derived from DSR tests, and results of cyclic load compression tests and wheel tracking The coherence between unrecovered strain as well as non-recoverable compliance of binders and resistance to permanent deformation of asphalt mixes determined with wheel tracking tests also manifested with good correlation (R 2 =0.9225) for proportional mean rut depth. No correlation has been detected between difference in non-recoverable compliance of binders and creep parameters of AC 16 asphalt concrete mixes. Parameters derived from the creep curve equation (9) determined with regression analysis provided better correlation coefficients than those obtained with equations mentioned in Section 1 as well as with finite-difference and moving average methods. From data analysis it was revealed that with increasing bitumen penetration the creep parameters of asphalt concrete mix show larger variation. For hard paving bitumen the test stress level should be increased to obtain appropriate and comparable creep parameters.
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